In a screen for novel sequences expressed during embryonic heart development we have isolated a gene which encodes a putative RNAbinding protein. This protein is a member of one of the largest families of RNA-binding proteins, the RRM (RNA Recognition Motif) family. The gene has been named hermes (for HEart, RRM Expressed Sequence). The hermes protein is 197-amino acids long and contains a single RRM domain. In situ hybridization analysis indicates that hermes is expressed at highest levels in the myocardium of the heart and to a lesser extent in the ganglion layer of the retina, the pronephros and the epiphysis. Expression of hermes in each of these tissues begins at approximately the time of differentiation and is maintained throughout development. Analysis of the RNA expression of the hermes orthologues from chicken and mouse reveals that, like Xenopus, the most prominent tissue of expression is the developing heart. The sequence and expression pattern of hermes suggests a role in post-transcriptional regulation of heart development.
Introduction
In addition to transcriptional control, an important and often overlooked aspect of gene regulation occurs at the post-transcriptional level. Post-transcriptional regulation may be achieved at numerous steps in the RNA metabolism pathway, including pre-mRNA-processing (capping, splicing and polyadenylation), RNA transport, RNA localization, translational regulation and RNA stability (reviewed in Day and Tuite, 1998) .
Post-transcriptional regulation of gene expression is modulated by specific interactions of proteins with RNA molecules. RNA-binding proteins generally fall into families based on the presence of well characterized RNA binding domains such as the KH domain, the RRM and the RGG box (reviewed by Siomi and Dreyfuss, 1997) . However, the presence of a particular RNA-binding motif within a protein does not appear to correlate with any specific regulatory mechanism and members of a single class of RNA-binding protein may be involved in many different aspects of post-transcriptional RNA regulation. Among the largest families of RNA-binding proteins is the RRM class. The RRM varies between 80-100 amino acids in length and is present in one to four copies in different proteins. A single RRM domain contains two short stretches of conserved sequence called RNP1 and RNP2, as well as a few highly conserved hydrophobic residues at specific sites within the element. The secondary structure of the RRM domain is highly conserved. The overall structure is b 1 a 1 b 2 b 3 a 2 b 4 , with the RNP 2 and 1 comprising b 1 and b 3 , respectively (Burd and Dreyfuss, 1994) . Crystal structure of the RRM protein, snRNP U1A, shows that the RNP 1 and 2 domains actually contact the RNA (Nagai et al., 1990; Hoffman et al., 1991) , while additional binding specificity is contributed by residues in the loop region between b2 and b3 and by the termini of the domain (Scherly et al., 1990; Bentley and Keene, 1991) .
The isolation of mutations in RNA-binding proteins indicates that post-transcriptional regulation is essential for many aspects of development, from the initial pattern formation in the embryo to maintenance of differentiation of specific cell types (reviewed in Bandziulis et al., 1989) . Specific members of the RRM family are known to play important roles in development. The Drosophila gene sex lethal (sxl), for example, is required for normal sex differentiation. sxl contains two RRMs and is involved in the regulation of both alternative splicing and translational regulation (Boggs et al., 1987; Bashaw and Baker, 1997; Kelley et al., 1997) . Another Drosophila gene, elav, contains three RRMs and is required for differentiation and maintenance of neurons. Although the precise mechanism of elav action is not known, it seems likely to be involved in regulation of both alternative splicing and message stability (Antic and Keene, 1997; Good, 1997) . A number of vertebrate genes with homology to elav have been identified and all are expressed in the nervous system, suggesting that the regulatory role of the protein may be conserved (Yao et al., 1993; Good, 1995) .While the study of embryonic heart development has focused on the role of transcription factors, it seems likely that some aspects of heart development are regulated post-transcriptionally (Murphy, 1996) . As the result of a search for novel genes expressed during Xenopus heart development, we have isolated and characterized hermes, which encodes a putative RNA-binding protein of the RRM family. We have also isolated hermes orthologues from chicken and mouse and have characterized expression during early embryonic development. We find that hermes is expressed at high levels in the developing heart of all embryos examined. The timing of expression suggests a role for hermes in post-transcriptional regulation of myocardial gene expression.
Results

Isolation and characterization of the hermes sequence from Xenopus, chicken and mouse
The hermes cDNA sequence was isolated in a differential screen designed to identify transcripts expressed in the developing heart. The nucleotide sequence and derived protein sequence of a full-length hermes cDNA is presented in Fig. 1A . The poly-A stretch at the extreme 3′ end is not preceded by a standard 5′-AATAAA-3′ polyadenylation signal, but exactly the same 3′ terminal sequence has been identified in all five independent cDNA clones examined, indicating that it represents the terminus of a normal transcript. The first ATG in the sequence is located at nt 318 and represents the start of a 594 nucleotide open reading frame, encoding a protein of 197 amino acids. This protein contains a single RRM and no other identifiable domains. A BLAST search revealed significant similarity to three other sequences in the GenBank database. The first is the Drosophila gene, couch potato (cpo), mutants of which exhibit peripheral nervous system defects (Bellen et al., 1992) . Sequence similarity between hermes and the cpo protein is limited to the single RRM while the remainder of the protein sequences are completely divergent. The hermes RRM also shows similarity to the C. elegans gene, mec-8. Worms mutant for mec-8 show defects in the attachment of muscle to the body wall, apparently due to failure of correct processing of unc-52 transcripts (Lundquist et al., 1996) . The mec-8 protein contains two RRM domains and sequence similarity to hermes is limited to the second of these domains. Finally, hermes shows significant sequence identity to a human gene called RBP-MS type 1 (Shimamoto et al., 1996) . This gene was characterized because it is located in a region of DNA close to the Werner syndrome locus, although it is now known that RBP-MS type 1 is not responsible for the disease (Shimamoto et al., 1996) . In this case, similarity of hermes to RBP-MS1 extends over the entire length of the protein. An alignment of the RRM domains from the hermes, cpo, mec-8 and RBP-MS1 proteins is presented in Fig. 1B , together with the RRM consensus sequence. The most highly conserved residues lie within the RNP1 and RNP2 domains that contact the target RNA (Burd and Dreyfuss, 1994) , but it is clear from this alignment that sequence similarity extends over the entire length of the RRM. These sequences therefore, may represent a distinct subclass of the RRM protein family.
We have also isolated hermes sequences from chicken and mouse and an alignment of the derived protein sequences from Xenopus, chicken and mouse is presented in Fig. 2 , together with the human RBP-MS1 sequence. The mouse hermes protein is 78% identical to the frog sequence overall while identity within the RRM is over 90%. Amino acid identity between chicken and frog proteins is 88% across the entire coding region and 97% in the RRM. The Xenopus hermes sequence is 76% identical to the human RBP-MS1 sequence overall. Based on this degree of conservation it seems likely that hermes corresponds to the frog orthologue of the RBP-MS1 sequence. Apart from the conserved RRM, all hermes proteins share a conserved carboxyl-terminus domain, with 22 out of the final 24 residues being perfectly conserved from frog to human.
Analysis of hermes expression during Xenopus development
Whole mount in situ hybridization analysis of Xenopus embryos shows that hermes is expressed in the developing heart, pronephros, retina and epiphysis. Expression in the heart is first detected in the tailbud embryo (stage 26), in the (Burd and Dreyfuss, 1994) are in bold. A diagram showing the secondary structure domains is aligned with the RRM sequences. paired heart primordia, located on either side of the ventral midline (Fig. 3A,B ). This timing and the pattern of expression is identical to that observed for Xenopus myocardial differentiation markers such as cardiac troponin I and myosin light chain 2 (Chambers et al., 1994; Drysdale et al., 1994) . As development proceeds, the level of hermes transcript increases significantly and expression can be detected through the entire length of the heart tube ( Fig. 3C ) and in the muscular tissue of the outflow tract (data not shown). Transcript levels remain high throughout heart looping and morphogenesis ( Fig. 3D ) and appear to be evenly distributed through all subregions of the heart. Overall, the timing and pattern of hermes expression in the developing frog heart appears to be identical to that of myocardial differentiation markers.
Also at the tailbud stage, hermes expression is observed in bilateral stripes on the anterior flank of the embryo. This domain of expression corresponds to the condensing epithelium that will form the pronephros (Vize et al., 1995) . As development proceeds, expression extends further posteriorly, down the flank of the embryo, coincident with condensation of the duct epithelium of the pronephros (Fig.  3C ,D). During later development, hermes transcripts persist throughout the glomus, tubules and the duct of the pronephros (Fig. 3G) .
At the late tailbud stage (approximately stage 34), hermes expression becomes apparent in the developing eye and the epiphysis. Expression initially appears as a punctate staining in the retina, concentrated in the dorsal region of the eye (Fig. 3E) . As development proceeds, this domain of expression spreads ventrally and by stage 38, hermes is expressed throughout the retina (Fig. 3D) . At about the same time that expression is detected in the developing eye, hermes transcripts also become visible in the epiphysis (Fig. 3D-F) , paired groups of light-sensitive neurons that are part of the pineal gland (Eagleson and Harris, 1990) . Expression in the retina and the epiphysis is maintained throughout subsequent development.
Histological sections show that hermes expression in the heart is limited to the myocardium (Fig. 3H) . Once again, the pattern of expression is apparently identical to that of myocardial differentiation markers (Drysdale et al., 1994) . At no stage is hermes expression detected in the endocardium. Sections through the developing kidney indicate that hermes is expressed throughout the epithelium of the pronephric duct, glomus and tubules (Fig. 3I) . In the eye, hermes expression is limited to the retinal ganglion cells (Fig. 3J) while the bipolar cells and photoreceptors show no detectable expression. In Xenopus, the ganglion cells, the innermost layer of the retina, first begin to differentiate in the most dorsal regions at approximately stage 34, and differentiation then proceeds ventrally through the entire cell layer during subsequent development. The appearance of hermes transcripts in the eye therefore, correlates with the wave of differentiation of retinal ganglion cells as it moves across the retinal cell layer. 
hermes expression during avian heart formation
During embryonic chick development expression of cHermes is primarily restricted to the developing heart. Transcripts of cHermes are first detected at stage 7-8 in a crescent of anterior lateral mesoderm extending anteriorly from the level of the first somite towards the anterior intestinal portal (data not shown). This original domain of expression corresponds closely to the localization of transcripts encoding the homeodomain protein cNkx2-5, which marks cardiac precursor cells (Schultheiss et al., 1995) . By stage 8, cHermes expression is restricted to the cardiogenic crescent as the heart primordia begin to fuse along the anterior intestinal portal (Fig. 4A) . Transcripts are conspicuously absent, however, from a medial region of the anterior intestinal portal. Sagittal sections through the heart-forming region at stage 8 reveal that cHermes expression is confined to the cardiogenic mesoderm (Fig. 4E) . A few hours later (stage 9), cHermes expression had coalesced towards the midline as the bilateral cardiogenic regions fuse to form the primitive heart tube (Fig. 4B) . Transverse sections confirm the localization of cHermes transcripts to the mesodermal component of the forming heart (Fig. 4F) . Staining remains high during completion of heart tube formation and initiation of looping (stage 11; Fig. 4C ). By stage 12, however, cHermes transcripts become almost undetectable in the outer curvature of the ventricular region but remain high in the developing atrial regions (Fig. 4D ) and weaker expression is also observed in the outflow tract at this time. No other tissues in the chick embryo show significant hermes expression during the first 48 h of development.
hermes expression in the mouse heart
During early mouse development expression of hermes is limited to the heart and branchial arches. In the earliest stage embryo examined (e8.5), no expression is visible in heart tissue, although low levels of staining are visible in the adjacent branchial arch tissue (data not shown). In the e9.5 embryo mhermes is expressed throughout the heart region, in the atria, ventricles, sinus venous and the outflow tracts (Fig. 5A) . As development proceeds, cardiac expression of mhermes becomes increasingly regionalized, with significantly higher expression in the atria relative to the ventricles. This differential expression in the different heart chambers is conspicuous in sections through the heart of the e10.5 mouse embryo (Fig. 5B) . Unlike the chick embryo, where hermes expression appears to be completely absent from the ventricles in late stage embryos, mhermes expression is maintained at low levels in the mouse ventricle.
Adult tissue expression
To determine whether hermes expression is tissuerestricted in the adult, we have examined transcript levels in a selection of adult Xenopus tissues using RNase protection analysis (Fig. 6 ). This analysis shows that hermes is expressed at highest levels in adult heart and at moderate levels in the adult kidney. Expression is extremely low, or absent, in the liver, lungs and skeletal muscle. Although this survey of adult tissues is not comprehensive, the results suggest that the tissue-restricted pattern of hermes expression detected in the embryo is maintained in adult tissues and that hermes is expressed at highest levels in heart muscle.
Discussion
The Xenopus hermes sequence was isolated in a screen for sequences expressed in the developing heart. Based on the presence of the conserved RRM RNA-binding motif, it appears that hermes encodes an RNA-binding protein.
Apart from the RRM domain, hermes contains no other recognizable sequence elements that may provide insight into its possible biochemical function. The hermes sequence is closely related to three previously characterized genes: Drosophila couch potato (cpo), C. elegans mec-8, and the human gene RBP-MS type I. It seems likely that hermes is the orthologue of RBP-MS, since the protein sequences are approximately 70% identical over the entire length of the coding region. This is consistent with the degree of identity previously determined for orthologous Xenopus and human protein sequences . Unfortunately, no information is currently available on developmental expression of RBP MS1 and so it is not possible to determine whether the genes exhibit similar developmental expression patterns. The relationship of hermes to cpo and mec-8 is less clear, since the proteins are completely divergent outside of the RRM. Considering the very different embryonic expression patterns however, it seems unlikely that hermes represents the functional equivalent of either cpo or mec-8. The unusually high sequence conservation within the RNA-binding domains however, suggests that hermes, RBP MS, cpo and mec-8 represent a subfamily of RRM-class proteins that may bind to related sequences.
hermes expression in the developing heart
During early development of frog, avian and mammalian embryos the highest level of hermes expression is detected in the myocardial tissues of the developing heart (Figs. 3-5 ). In Xenopus, cardiac expression of hermes is first detected at about the mid-tailbud stage (stage 26), exactly coincident with the time of appearance of myocardial differentiation markers. Indeed expression of hermes in the heart is indistinguishable from myocardial differentiation marker expression in both timing and pattern. During subsequent development of the Xenopus heart, at least through formation of the fully chambered heart, hermes expression appears to be maintained evenly throughout all myocardial tissues, including the muscular tissues of the outflow tract.
Expression of hermes in the developing chick and mouse heart exhibits some interesting differences compared to frog. Initially, hermes is expressed evenly throughout the myocardial tissues of the chick and mouse heart and, similar to the situation in Xenopus, the onset of hermes expression occurs at approximately the same time that transcripts encoding myocardial markers appear. However, during later development of both the chick and mouse heart, hermes expression becomes restricted to sub-regions of the myocardium. In particular, hermes is preferentially expressed in future atrial tissues and in the outflow tract. The alteration in the pattern of hermes expression closely resembles the shift in expression of the embryonic splice form of cardiac Troponin T, which is initially expressed throughout the heart, but is later down-regulated in the ventricles (Sabry and Dhoot, 1989) . At present there is no evidence for chamber specific expression of myocardial sequences in the frog heart and so the differences in hermes expression between frog and other organisms may reflect fundamental differences in gene expression patterns.
hermes expression in the kidney and eye
Analysis of the Xenopus embryo shows hermes expression in the kidney, eye and epiphysis. During early kidney development, hermes transcripts are seen in the differentiating pronephros, throughout the epithelium of the duct, the tubules and the glomus. This pattern is distinct from other kidney markers such as WT1 which is restricted to the glomus (Carroll and Vize, 1996) , or Xlim1 and Pax2 which mark the duct and tubules (Taira et al., 1994, Heller and Brandli, 1997) . We are not aware of marker sequences that define the onset of kidney differentiation in Xenopus, but the timing of hermes expression corresponds to the time at which differentiated kidney structures first become visible histologically (Carroll et al., in press ).
Beginning at stage 34, hermes transcripts are detected in the developing eye. Expression is restricted to the retinal ganglion cell layer (GCL) and is not detected in any other retinal cell layers. This pattern of expression is rather unusual and we are aware of only one other gene, , that has retinal expression limited to the GCL (Hirsch and Harris, 1997a) . Other genes such as Pax6 and XOptx2 that are expressed in the retinal ganglion cell layer are also found in other retinal layers (Hirsch and Harris, 1997b; M. Zuber, M. Perron, A. Bang, C. Holt and W. Harris, personal communication) .
Possible functions for hermes
The presence of the RRM domain suggests that hermes functions as an RNA-binding protein. At present however, there is insufficient information to ascribe a specific function for hermes in post-transcriptional regulation of RNA metabolism. The tissues that express hermes at high levels in the developing embryo are not closely related in any obvious manner. For example, the heart and kidney are mesodermal derivatives, while the retina and epiphysis are neural tissues originally derived from ectoderm. The most clear correlation between hermes expression in these different tissues is that hermes transcripts appear at approximately the time that differentiation markers are first expressed. This is probably significant, since in addition to alterations in the pattern of gene transcription, differentiating cells may also alter their patterns of RNA metabolism and processing. Within the RRM, hermes is closely related to the C. elegans mec-8 protein, which is believed to regulate alternative splicing of the unc-52 transcript (Lundquist et al., 1996) . The muscle defects in the mec-8 mutant worm are the result of incorrect splicing of a protein that attaches muscles to the body wall. During vertebrate muscle development, a number of genes encoding contractile proteins are spliced differently in cardiac muscle versus other muscle tissues (Cooper and Ordhal, 1984; Sabry and Dhoot, 1989; Hardy et al., 1995; Luque et al., 1997) . Although we cannot make a direct functional connection between hermes and cardiac troponin T splicing in the heart, we note that the localization of hermes expression in the chicken heart correlates with the localization of the embryonic splice variant of cardiac Troponin T (Sabry and Dhoot, 1989) . Since hermes is not expressed in any other muscle tissues apart from the heart, it is possible that hermes is involved in the processing of cardiac-specific splice variants of muscle genes.
Materials and methods
Library screening
Approximately 3 × 10 3 plaques of a Xenopus laevis adult heart cDNA library (Ji et al., 1993) were screened at high Fig. 6 . RNase protection analysis of hermes expression in adult Xenopus tissues. Tissue source is indicated at the top of the figure. The position of the protected hermes and Max probes are indicated on the left and size markers on the right. hermes transcripts are abundant in the heart and lower levels of transcript are present in the kidney. Expression is negligible in the liver, lungs and in skeletal muscle. The ubiquitous Max sequence ) is used as a loading control. stringency with 32 P-labeled cDNA probe prepared from Xenopus adult liver RNA and separately with probe containing Xenopus mitochondrial genomic sequences (Rastl and Dawid, 1979) . The 5′ end sequences of 200 recombinants negative for both liver and mitochondrial probes were then determined. Genes containing interesting sequence motifs were further characterized by whole mount in situ hybridization. One of these was hermes, which contained an RRM domain. Mouse and chicken hermes sequences were isolated from an adult mouse heart cDNA library and an embryonic chick cDNA library by low stringency using Xenopus hermes coding region probe.
In situ hybridization
Digoxygenin-labeled antisense RNA probes were prepared using the standard protocol (Boehringer Mannheim). hermes template was linearized using EcoRI and transcribed using T7 RNA polymerase. Whole mount in situ hybridization was carried out as described (Hemmati-Brivanlou et al., 1990 ) with the following modifi-cations: CHAPS was omitted at all steps, antibody hybridization was in MAB buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5) with 2% Boehringer Mannheim blocking reagent. Washes subsequent to antibody hybridization were in MAB buffer. For sectioning, whole mount stained embryos were dehydrated in ethanol (2 × 1 h), incubated in xylene (2 × 10 min), 1:1 xylene:paraplast (1 × 10 min), paraplast (1 × 30 min, 1 × 10-24 h), and then embedded in paraplast. Twelve-micrometer sections were cut and mounted in Permount. Chick embryos were collected as described in Yatskievych et al. (1997) and fixed in 4% paraformaldehyde in PBS for 2-24 h at 4°C. Following fixation, embryos were transferred to 12-well plates (Corning Costar Corp.; Cambridge, MA), one embryo per well, and processed as described according to Nieto et al. (1996) . For histology, stained embryos were embedded in 7.5% gelatin in 15% sucrose/PBS and frozen in an isopentane bath. Embryos were serially sectioned at 20 mM and mounted in 95% glycerol. Whole mount in situ hybridization of mouse embryos was carried as described by Conlon (1996) except that hybridization was at 70°C.
RNase protection analysis
Total RNA from Xenopus adult male organs was isolated using 4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarkosyl, 0.1 M b-mercaptoethanol. The homogenate was phenol:chloroform extracted and then isopropanol precipitated. After resuspension in equal volumes of TE and 8M LiCl, RNA was recovered by centrifugation and stored as an ethanol precipitate. For RNase protection analysis, hermes transcripts were detected with a 32 P-labeled antisense probe consisting of sequences spanning nt 459-773. Probe for XMax2 was prepared as described previously .
